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Abstract—Wireless Network-on-Chip (WNoC) appears as a
promising alternative to conventional interconnect fabrics for
chip-scale communications. The study of the channel inside the
chip is essential to minimize latency and power. However, this
requires long and computationally-intensive simulations which
take a lot of time. We propose and implement an analytical
model of the EM propagation inside the package based on ray
tracing. This model could compute the electric field intensity
inside the chip reducing the computational time several orders
of magnitude with an average mismatch of only 1.7 dB.
I. INTRODUCTION
Network-on-Chip (NoC) has become the paradigm of choice
to interconnect cores and memory within a Chip MultiProces-
sor (CMP). However, recent years have seen a significant in-
crease in the number of cores per chip and, within this context,
it becomes increasingly difficult to meet the communication
requirements of CMPs with conventional NoCs alone. Ad-
vances in integrated mmWave antennas and transceivers have
led to the proposal of Wireless Network-on-Chip (WNoC) as a
potential alternative to conventional NoC fabrics. In a WNoC,
certain cores are augmented with transceivers and antennas
capable of modulating and radiating the information, which
allow distant cores communicate with low latency and high
throughput.
Due to its potential, WNoCs have been investigated ex-
tensively from the circuit [1], and architecture perspectives
[2]. However, fewer works are focused on characterizing
propagation within the computing package. Modeling the
wireless channel is crucial to understand losses, dispersion,
and multipath issues that impair communication and impact
on the design and performance of the RF transceiver.
Manufacturing chips to experimentally evaluate the channel
characteristics is very expensive in terms of time and money,
so the majority of works studying the channel attenuation
in a WNoC are performed using full-wave EM simulators
over a virtual model of the package. However, these kind
of simulations require large computational time specially for
realistic and electrically large packages at high frequencies [3].
This article proposes an analytical model of the electro-
magnetic propagation inside the package based on ray trac-
ing which takes into account the direct rays and the most
significant multipath components. This model allows the user
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Fig. 1. Schematic of the layers of a flip-chip package.
to obtain an accurate approximation of the field distribution
over the package. The results are then compared with the
ones obtained with a full-wave solver simulation of the same
package.
II. SYSTEM MODEL
The layers are described from top to bottom following Fig.
1. On top, the heat sink and heat spreader dissipate the heat
out of the silicon chip. Bulk silicon serves as the foundation of
the transistors. The interconnect layers, are generally made of
copper and surrounded by an insulator such as silicon dioxide
(SiO2) [4]. The package carrier is a 0.5-mm thick ceramic, and
at the bottom of it, an array of other solder balls is attached.
Antenna: The antenna used for the model is a square aperture
antenna, which is modeled as an electrically small waveguide
port. It is not a realistic antenna due to the impossibility of
building such an ideal aperture, but it serves the purpose of
channel characterization as it has a quasi-isotropic radiation
diagram. Its radiation pattern was captured and used for the
computation of the coefficients of the signal components in
the model. The same procedure could be performed with other
types of antenna.
Simulation model: The structure shown in Figure 1 was
introduced in a full-wave solver. The lateral dimensions for
the silicon chip and the flip-chip ceramic package are 22 mm
and 33 mm, respectively, which are typical values in both
research and industry. The interconnect layer stack (13 µm)
is approximated by a SiO2 layer under the silicon die and the
antenna was placed on its center.
III. ANALYTICAL MODEL
A ray tracing model was implemented, considering only
the most significant narrow rays arriving to each point. The
multipath components taken into account are discussed below:
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Direct Ray: This is usually the strongest component and hence
the most important for our model.
Reflected rays: The only reflected rays taken into account are
the ones reflected at the heatsink and the ones reflected once
at the lateral boundaries of the chip. The rest do not have
significant power to be considered.
Diffracted rays: The only diffracted rays taken into account
are the ones which diffract on the Si layer to then reflect on
the heatsink. The rest are blocked by the critical angle.
Scattering: The scattering effect comes from rough surfaces.
In our case, all the regions evaluated by the model have even
surfaces. Thus, the scattering effect is not considered.
The electric field at an arbitrary point in the SiO2 layer of
the die can be expressed as the sum of the direct component
plus the reflections at the heatsink and the edges of the
chip. For modeling the change of amplitude depending of the
distance of each ray, we will model the amplitude in a distance
d using the equation: A0Ad = e
γd, where γ is the propagation
constant, and can be expressed as γ = α + jβ, where α is
the attenuation constant, and β is the phase constant. The
Emag,d at a given distance d, can be decomposed into real
and imaginary parts as:
Emag,d = e
−αde−jβd (1)
The constants α and β can be expressed as:
α =
pi
√
r
λ
tan(δ), β =
2pi
λ0
√
r (2)
Where tan(δ) is the loss tangent of the material, and in the
case of SiO2 is 0.098 at 60 GHz and in the case of the Silicon
is 0.252 at 60 GHz.
A. Multipath components
The electric field magnitude of the reflected rays at the
heatsink can be expressed as a function of the direct ray as:
Eref,heatsink = TSiO2 SiRAlTSi SiO2Edirect (3)
Where TSiO2 Si is the transmission coefficient for each inci-
dence angle between the SiO2 and the Si layer, RAl is the
reflection coefficient of the aluminum heatsink, and TSi SiO2
is the transmission coefficient for each incidence angle be-
tween the Si and the SiO2 layer. The same expression is used
for computing the electric field magnitude of the reflected rays
at the edges of the die. For computing the transmission and
reflection coefficients, equations derived from the Snell’s law
have been used, taking into account the incidence angle of
each ray. These equations contemplate the possibility of having
some rays whose transmitted angle is beyond the critical angle
and therefore, their reflection coefficient is 1, keeping all the
power in the same medium.
B. Near field region
It was observed that the near field region was the region
with the biggest error using the attenuation formulas described
above. This is because in the region between -1.3 and 1.3 mm,
near field laws dominate the propagation ( λ0√r ≈ 1.3mm).
Fig. 2. Top view of the electrical field computed using the model and the
simulation results. Error between model and simulation.
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Fig. 3. Magnitude of the electrical field in function of the distance with the
antenna.
Therefore, specific equations according to [5] were used for
this region in the model to reduce the error:
PRX ∼ |E2| ∼ 1
(kd)2
+
1
(kd)4
+
1
(kd)6
(4)
Where k is the propagation constant and d the distance from
the source.
IV. RESULTS
Figure 2 shows the electric field magnitude computed using
both analytical model and simulation. In the same figure, the
error between both procedures was calculated. The edges of
the die, and the region closer to the antenna have higher error,
whereas in all the other regions the model matches very well,
having a global geometric mean error of 1.7 dB.
The error in the near field region was lowered by inserting
the equations explained at Section 2 in the near field region.
In Figure 3 each of the fitting curves are superposed over the
results and are only visible in their valid region.
V. CONCLUSIONS
In this work, we proposed a model based on ray tracing to
study the EM propagation inside a computing package. Then,
we created a script that implements an approximation using
this model with high efficiency in terms of computation time
and demonstrated its high accuracy.
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